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(57) The present invention provides an optical fiber 
and the like comprising a structure making it possible to 
realize optical communications with a higher speed and 
a larger capacity as compared with conventional optical 
transmission systems. The optical fiber according to the 
present invention is an optical fiber in which at least one 
first portion having a positive chromatic dispersion at a 
predetermined wavelength within a wavelength band in 
use and at least one second portion having a negative 
chromatic dispersion at the predetermined wavelength 
are arranged adjacent each other along the longitudinal 



direction thereof. In particular, the optical fiber compris- 
es a polarization coupling structure for inducing coupling 
between polarizationmodes of propagating light. This 
polarization coupling structure randomly causes cou- 
pling between polarization modes of the propagating 
light, whereby polarization mode dispersion decreases 
at the predetermined wavelength. As a consequence, 
transmission characteristics are effectively restrained 
from deteriorating due to polarization mode dispersion. 
Specifically, the polarization coupling structure is a twist 
applied to the optical fiber. 
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* Description 
Technical Field 

[0001 ] The present invention relates to an optical fiber 
suitable for transmitting signals of a plurality of channels 
in wavelength division multiplexing (WDM) transmis- 
sion, a method of making the same, and an optical trans- 
mission system including the same. 

Background Art 

[0002] WDM transmission enables high-speed, large- 
capacity optical communications by transmitting signals 
of a plurality of channels (hereinafter referred to as 
WDM signals). Silica type optical fibers are employed 
as an optical transmission line for WDM transmission 
since their transmission loss is low in the vicinity of a 
wavelength of 1 .55 um whereas WDM signals in the 
wavelength band of 1 .55 ujd are utilized since optical 
amplifiers enabling signal amplification in the 1.55-jj.m 
wavelength band have been put into practice. 
[0003] If chromatic dispersion occurs in a signal 
wavelength region (e.g., 1.55-u.m wavelength band), 
then the pulse waveform of each WDM signal deforms, 
whereby transmission characteristics deteriorate. 
Therefore, from the viewpoint of preventing the signal 
waveform from deteriorating, the chromatic dispersion 
in optical transmission lines for transmitting WDM sig- 
nals is desired to be low in the signal wavelength region. 
If the chromatic dispersion in the signal wavelength re- 
gion is substantially zero, on the other hand, then four- 
wave mixing, which is a kind of nonlinear optical phe- 
nomena, is likely to occur, thereby causing crosstalk and 
noise, by which transmission characteristics deterio- 
rate. For suppressing the occurrence of four-wave mix- 
ing, the repeating interval may be shortened so as to 
lower the signal power. However, this requires a number 
of optical amplifiers to be disposed in an optical trans- 
mission line, whereby thus obtained optical transmis- 
sion system becomes expensive as a whole. 
[0004] For example, in order to deal with the foregoing 
problems, U.S. Patent No. 5,894,537 proposes a dis- 
persion management optical fiber in which a plurality of 
positive and negative dispersion segments having pos- 
itive and negative chromatic dispersions, respectively, 
at a predetermined wavelength (e.g., wavelength of 
1 .55 ( um) are alternately disposed along the longitudinal 
direction. If such a dispersion management optical fiber 
is employed in an optical transmission line, then the av- 
erage chromatic dispersion in the optical transmission 
line as a whole becomes substantially zero, whereby 
transmission characteristics are effectively restrained 
from deteriorating due to cumulative chromatic disper- 
sion. Since a positive or negative chromatic dispersion 
occurs (the absolute value of chromatic dispersion is not 
near zero) in substantially all the regions of the optical 
transmission line, transmission characteristics are re- 



strained from deteriorating due to four-wave mixing. 
Disclosure of the Invention 

[0005] The inventors studied the prior art mentioned 
above and, as a result, have found a problem as follows. 
Namely, signal pulses may deteriorate their waveforms 
even in an optical transmission system in which a dis- 
persion management optical fiber is employed in an op- 
tical transmission line as mentioned above, whereby 
there has been a possibility of high-speed, large-capac- 
ity optical communications failing to be realized in such 
a case. 

[0006] In order to overcome the problem mentioned 
above, it is an object of the present invention to provide 
an optical fiber comprising a structure making it possible 
to realize higher-speed, larger-capacity optical commu- 
nications as compared with those with conventional op- 
tical transmission systems, a method of making the 
same, and an optical transmission system including the 
same. 

[0007] The optical fiber according to the present in- 
vention constitutes at least a part of any repeated trans- 
mission line between a transmitting station for sending 
out signals of a plurality of channels and a repeater sta- 
tion including an optical amplifier or the like, between 
repeater stations, and between a repeater station and 
a receiving station. Also, this optical fiber is an optical 
fiber mainly composed of silica glass, in which at least 
one first portion having a positive chromatic dispersion 
at a predetermined wavelength in a wavelength band in 
use and at least one second portion having a negative 
chromatic dispersion at the predetermined wavelength 
are arranged adjacent each other along the longitudinal 
direction. While the first and second portions having 
positive and negative chromatic dispersions, respec- 
tively, are disposed alternately in the longitudinal direc- 
tion so as to effect dispersion management the optical 
fiber according to the present invention further compris- 
es a polarization coupling structure for inducing coupling 
between polarization modes of propagating light. This 
optical fiber may be either a unitary optical fiber in which 
the first and second portions are alternately arranged 
along the longitudinal direction thereof or an optical fiber 
in which optical fibers having positive and negative chro- 
matic dispersions corresponding to the first and second 
portions, respectively, are alternately fusion-spliced. 
[0008] Consequently, the optical fiber lowers each of 
the deterioration in signal waveform caused by nonlin- 
ear optica! phenomena and the deterioration in signal 
waveform caused by cumulative chromatic dispersion. 
Also, the polarization coupling structure for inducing 
coupling between polarization modes of propagating 
light lowers the deterioration in waveform caused by po- 
larization mode dispersion. Therefore, the optical fiber 
according to the present invention is excellent in trans- 
mission quality, and enables higher-speed, larger-ca- 
pacity WDM transmission. 
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ta [0OG9f In the optical fiber according to the present in- 
vention . the polarization mode dispersion at the prede- 
termined wavelength is preferably 0.1 ps knrr 1 ' 2 or less. 
Also, its average coupling length, which is defined by 
the length from an end part of the optical fiber to a 
boundary at which a region where the polarization mode 
dispersion value is in proportion to the fiber length shifts 
to a region where the polarization mode dispersion val- 
ue is in proportion to the square root of fiber length, is 
preferably 1 0 m or less. In each of these cases, the de- 
terioration in waveform caused by polarization mode 
dispersion is sufficiently lowered. 
[0010] The above-mentioned polarization coupling 
structure includes a twist provided to the optical fiber. In 
this case, thus provided twist induces random coupling 
between polarization modes of propagating light, there- 
by lowering the deterioration in waveform caused by po- 
larization mode dispersion. In particular, the average 
rate of twist is preferably 2 rotations/m or more, whereas 
the deviation of twist rate is preferably 1 rotation/m or 
more. Further, a transient region disposed between 
each of first portion having a positive chromatic disper- 
sion and each second portion having a negative chro- 
matic dispersion is preferably not substantially provided 
with the above-mentioned twist. This is because of the 
fact that the controllability of drawing conditions im- 
proves in the transient region, whereby the longitudinal 
change of chromatic dispersion can be stabilized. 
[001 1] In a method of making an optical fiber compris- 
ing the characteristic structure as explained in the fore- 
going, an optical fiber preform is prepared at first, and 
a part of thus prepared optical fiber preform is drawn 
while being heated. In particular, a drawing condition, 
for example, such as the fiber diameter or the drawing 
tension., is changed at the time of drawing such that at 
least one first portion having a positive chromatic dis- 
persion at a predetermined wavelength within the wave- 
length band in use and at least one second portion hav- 
ing a negative dispersion at the predetermined wave- 
length are alternately formed along the longitudinal di- 
rection. In addition, this drawing provides a predeter- 
mined portion of thus obtained optical fiber with a twist. 
Byway of such a manufacturing process, the optical fib- 
er comprising a characteristic structure as mentioned 
above is obtained. 

[001 2] The average rate of the above-mentioned twist 
is preferably 2 rotations/m or more, whereas the devia- 
tion of the twist rate is preferably 1 rotation/mormore. 
Preferably, the transient region positioned between the 
first and second portions in the optica! fiber obtained by 
the above-mentioned making method is not substantial- 
ly provided with the above-mentioned twist. This is be- 
cause ofcke fact that the controllability of drawing con- 
ditions improves in the transient region of the resulting 
optical fiber, and the longitudinal change of chromatic 
dispersion is stabilized. 

[0013] Further, the optical transmission system ac- 
cording to the present invention comprises, as at least 
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a part of an optical transmission line in a repeated sec- 
tion, an optical fiber comprising the characteristic struc- 
ture as mentioned above. This lowers the waveform de- 
terioration caused by any of nonlinear optical phenom- 
5 ena, cumulative chromatic dispersion, and polarization 
mode dispersion, and enables higher-speed, larger-ca- 
pacity WDM transmission excellent in transmission 
quality. 

10 Brief Description of the Drawings 
[0014] 

Figs. 1 A to 1 C are charts for explaining the structure 
15 of an optical fiber according to the present inven- 
tion; 

Fig. 2 is a graph for explaining a method of deter* 

mining an average coupling length; 

Fig. 3 is a chart for explaining a transient region; 

20 Fig. 4 is a view showing the structure of a manufac- 

turing apparatus for realizing the method of making 
an optical fiber according to the present invention: 
Figs. 5A to 5C are views showing respective cross- 
sectional structures of a glass material at individual 

25 parts of the manufacturing apparatus shown in Fig. 
4; 

Fig. 6 is a view for explaining motions of a swing 
guide roller and a first stationary guide roller in the 
manufacturing apparatus shown in Fig. 4; 

30 Fig. 7 is a view for explaining motions of the swing 
guide roller and a pair of guide rollers for suppress- 
ing the responsive motion of optical fiber in the man- 
ufacturing apparatus shown in Fig. 4; 
Fig. 8 is a graph showing a chromatic dispersion 

35 distribution in the vicinity of a transient region in a 

first example of the optical fiber according to the 
present invention; 

Figs. 9A and 9B are a view for showing the cross- 
sectional structure of a second example of the op- 

^0 tical fiber according to the present invention and a 
refractive index profile thereof, respectively; 
Fig. 10 is a graph showing a twist rate distribution 
along the longitudinal direction of the optical fiber 
according to the second example shown in Figs. 9A 

45 and 9B; and 

Fig. 11 is a view showing the schematic configura- 
tion of the optical transmission system according to 
the present invention. 

50 Best Modes for Carrying Out the Invention 

[0015] In the following, an optical fiber according to 
the present invention, a method of making the same, 
and an optical transmission system including the same 
55 will be explained with reference to Figs. 1 A to 1C, 2 to 
4, 5A to 5C, 6 to 8, 9A, 9B : and 10 and 11 . In the expla- 
nation of the drawings, constituents identical to each 
other will be referred to with numerals identical to each 
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* othef without repeating their overlapping descriptions. 
[0016] Figs. 1 A to 1 Care charts showing the structure 
of an optical fiber according to the present invention. 
This optical fiber 1 0 is an optical fiber mainly composed 
of silica glass, in which at least one positive dispersion 5 
portion 11 (first portion) having a positive chromatic dis- 
persion at a predetermined wavelength in a wavelength 
band in use and at least one negative dispersion portion 
1 2 (second portion) having a negative chromatic disper- 
sion at the predetermined wavelength are arranged ad- 10 
jacent each other along the longitudinal direction there- 
of. This optical fiber 10 may be either a unitary optical 
fiber in which the above-mentioned first and second por- 
tions 11, 12 are alternately arranged along the longitu- 
dinal direction thereof or an optical fiber in which optical 15 
fibers having positive and negative chromatic disper- 
sions corresponding to the first and second portions 11, 
12, respectively, are alternately fusion-spliced together. 
For example, the above-mentioned wavelength band in 
use is the 1 .55-um wavelength band (1 .530 urn to 1 .565 20 
urn) utilized in WDM transmission, whereas the prede- 
termined wavelength is a wavelength of 1 .55 urn. In the 
optical fiber 10, a single mode is secured in the wave- 
length band in use. 

[0017] Preferably, in the optical fiber 10, each of the 25 
positive and negative dispersion portions 11, 12 has a 
chromatic dispersion with an absolute value of 1 ps/nm/ 
km or more in the wavelength band in use. This is be- 
cause of the fact that it restrains transmission charac- 
teristics from deteriorating due to nonlinear optical phe- 30 
nomena. By contrast, it is preferable for the optical fiber 
1 0 to have an average chromatic dispersion with an ab- 
solute value as small as possible in the wavelength band 
in use. This is because of the fact that it effectively re- 
strains transmission characteristics from deteriorating 35 
due to cumulative chromatic dispersion. Here, the chro- 
matic dispersion in each of the positive and negative dis- 
persion portions 1 1 , 1 2 in the optical fiber 1 0 is adjusted 
by . the refractive index change and core diameter 
change according to the residual stress. 40 
[0018] Further, the optical fiber 10 according to the 
present invention comprises a polarization coupling 
structure for inducing coupling between polarization 
modes of propagating light. This polarization coupling 
structure includes a twist provided to each of the por- 45 
tions 11, 12 in the optical fiber 10 as shown in Fig. 1C. 
Since this polarization coupling structure induces ran- 
dom coupling between polarization modes of propagat- 
ing light, the polarization mode dispersion at the prede- 
termined wavelength decreases, whereby transmission 50 
characteristics are effectively restrained from deteriorat- 
ing due to polarization mode dispersion. 
[0019] As in the foregoing, at a predetermined wave- 
length within the wavelength band in use, the optical fib- 
er 10 according to the present invention locally gener- 55 
ates a chromatic dispersion with a large absolute value 
whereas both the absolute value of average chromatic 
dispersion and the polarization mode dispersion are 



small as a whole. Therefore, the chromatic dispersion 
caused by any of the nonlinear optical phenomena, cu- 
mulative chromatic dispersion, and polarization mode 
dispersion is lowered, while higher-speed, larger-ca- 
pacity WDM transmission with an excellent transmis- 
sion quality becomes possible. 

[0020] In particular, the polarization mode dispersion 
is preferably 0.1 ps-kirr 1 ' 2 or less, whereas the average 
coupling length is preferably 1 0 m or less. In each case, 
the waveform deterioration caused by polarization 
mode dispersion is sufficiently lowered. Here, the aver- 
age coupling length is defined as follows. As the polar- 
ization mode dispersion is measured in the longitudinal 
direction of optical fiber 10, the polarization mode dis- 
persion is in proportion to the fiber length when the latter 
is shorter, but it becomes proportional to the square root 
of fiber length when the fiber length is sufficiently longer. 
According to this phenomenon, the average coupling 
length is defined as the length from an end part of the 
optical fiber to a boundary at which a region where the 
polarization mode dispersion value is in proportion to the 
fiber length shifts to a region where the polarization 
mode dispersion value is in proportion to the square root 
of fiber length. Here, the average coupling length is em- 
pirically measured as follows, 

[0021] First, polarization mode dispersion is meas- 
ured at a position separated by a predetermined dis- 
tance from an end part of the optical fiber to be meas- 
ured, and thus measured data are plotted on a logarith- 
mic graph as shown in Fig. 2 (so as to determine the 
fiber length dependence of polarization mode disper- 
sion). Then, in a region with a shorter fiber length, fitting 
is carried out such that the plot data of polarization mode 
dispersion are in proportion to the fiber length (fitting 
with a line having a gradient of 1 on the logarithmic graph 
in the case of Fig. 2). In a region with a longer fiber 
length, on the other hand, fitting is carried out such that 
the plot data of polarization mode dispersion are in pro- 
portion to the square root of fiber length (fitting with a 
line having a gradient of 1/2 on the logarithmic graph in 
the case of Fig. 2). The fiber length corresponding to the 
intersection of thus fitted two 'lines is defined as the av- 
erage coupling length. 

[0022] In an empirical method such as the one men- 
tioned above, however, there is arbitrariness in choos- 
ing the regions with shorter and longer fiber lengths. 
Therefore, fitting is carried out again for each of respec- 
tive regions with fiber lengths shorter and longer than 
the average coupling length obtained in the previous tri- 
al, so as to determine the average coupling length. As 
this operation is repeated, the average coupling length 
can be converged at a constant value. 
[0023] The polarization coupling structure is specifi- 
cally a twist provided to the optical fiber 1 0. For lowering 
the polarization mode dispersion by coupling between 
polarization modes of propagating light, the average 
rate of twist is preferably 2 rotations/m or more, whereas 
the twist rate deviation (= maximum value of twist rate - 
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» minimum value of twist rate) is 1 rotation/m or more. 
Preferably, however, the transient region positioned be- 
tween the positive and negative dispersion portions 11 , 
12 of optical fiber 10 is not substantially provided with 
the twist. This is because of the fact that it improves the 
controllability of drawing conditions and stabilizes the 
longitudinal change of chromatic dispersion. 
[0024] In this specification, the transient region posi- 
tioned between the positive and negative dispersion 
portions 11,12 corresponds to the region A shown in 
Fig. 3. Namely, the region A extending from a part where 
the dispersion becomes 80% or less of the minimum dis- 
persion D" max in the positive dispersion portion 11 to a 
part where the dispersion becomes 80% or more of the 
maximum dispersion D + max in the negative dispersion 
portion 12 is referred to as the transient region. 
[0025] A method of making the optical fiber having the 
structure mentioned above will now be explained. Fig. 
4 is a view showing the structure of an apparatus for 
making the optical fiber according to the present inven- 
tion. As shown in Fig. 4, an optical fiber preform 100 is 
prepared at first in the making method according to the 
present invention. The optical fiber preform 1 00 is made 
.by vapor-phase axial deposition method (VAD method), 
outside vapor deposition method (OVD method), modi- 
fied chemical vapor deposition method (MCVD meth- 
od), rod-in-tube method, orthe like. The optical fiber pre- 
form 100 is mainly composed of silica glass, in which 
both dopant concentration and refractive index profile 
are uniform in the longitudinal direction (see Fig. 5A). 
[0026] After the optical fiber preform 1 00 is set into a 
drawing furnace 110, the lower end of optical fiber pre- 
form 100 is heated by a heater 120 within the drawing 
furnace 110. The optical fiber preform 100 with a part 
thereof softened by the heating is drawn, whereby a 
bare optical fiber 130 is obtained (see Fig. 5B). The 
drawing speed at this time is 100 m/min, for example. 
The outer diameter of the bare optical fiber 1 30 obtained 
upon drawing is measured by a laser outer diameter me- 
ter 140. The result of measurement is reported to a 
drawing control unit 150, whereas the drawing control 
unit 1 50 controls the heating temperature of heater 1 20 
and the drawing speed such that the outer diameter of 
bare optical fiber 130 attains a predetermined value ac- 
cording to the result of measurement. 
[0027] Further, thus obtained bare optical fiber 130 
travels through a liquid resin 171 stored in a first resin 
coating die 161, whereby a first layer of resin adheres 
to the surface of bare optical fiber 130. Subsequently, 
the bare optical fiber 130 having the first layer of resin 
attached thereto is irradiated with ultraviolet rays by a 
UV lamp 1 81 , whereby the first layer of resin cures. Sim- 
ilarly, the bare optical fiber 1 30 covered with the first lay- 
er of resin travels through a liquid resin 172 stored in a 
second resin coating die 1 62. As a consequence, a sec- 
ond layer of resin adheres to the surface of first layer of 
resin. The second layer of resin is cured by ultraviolet 
rays irradiated by a UV lamp 1 82. By way of the forego- 



ing process, an optical fiber 200 (see Fig. 5C) compris- 
ing a resin coating 190 composed of two layers of resin 
coated on the surface of bare optical fiber 130 is ob- 
tained. At this time, the coating diameter of optical fiber 
5 200 is 250 urn, for example. 

[0028] Subsequently, the optical fiber 200 passes be- 
tween a pair of guide rollers 21 0 for suppressing the re- 
sponsive motion of optica! fiber, which freely rotate 
along the advancing direction of the optical fiber 200. 

10 Thereafter, the optical fiber 200 successively travels 
through a swing guide roller 220, a first stationary guide 
roller 231 installed subsequent to the swing guide roller 
220, and a second stationary guide roller 232 installed 
subsequent to the first stationary guide roller 231 , so as 

15 to be finally taken up by a drum 240. 

[0029] The pair of guide rollers 210 for suppressing 
the responsive motion of optical fiber are installed at a 
position distanced directly upward from the swing guide 
roller 220 by 1 00 mm, whereas the gap between the pair 

20 of guide rollers 21 0 is 2 mm. The swing guide roller 220 
has a roller outer diameter of 1 50 mm and a roller width 
of 30 mm, whereas the roller surface is made oi aiumi- 
num which also forms the roller itself. The rotary axis o\ 
swing guide roller 220 swings about a direction parallel 

25 to a drawing tower axis (the Z-axis direction in which trie 
optical fiber is drawn from the drawing furnace 110 to 
the swing guide roller 220 in the drawing) at 1 00 cycies/ 
min from an angle of -9 to an angle of +6, for example. 
The first stationary guide roller 231 is installed at a po- 

30 sition distanced directly sidewise from the swing guide 
roller 220 (in the X-axis direction of the drawing) by 250 
mm, and has a roller outer diameter of 150 mm and a 
roller width of 30 mm as with the swing guide roller 220. 
However, the first stationary guide roller 231 has a fixed 

35 rotary axis, and a V-shaped narrow groove formed at 
the center part of roller surface as a structure for sup- 
pressing the rotation of optical fiber. The combination of 
the pair of guide rollers 210 for suppressing the respon- 
sive motion of optical fiber, the swing guide roiier 220, 

^0 and the first stationary guide roller 231 , which are ai- 
ranged under such a condition, provides the optical fiber 
200 with a predetermined twist effectively, i.e., highly ef- 
ficiently with respect to the swinging speed of swing 
guide roller 220. 

45 [0030] A method of effectively providing the optical 
fiber 200 with a predetermined twist will now be ex- 
plained with reference to Figs. 6 and 7. Here, Fig. 6 is 
a view showing the swing guide roller 220 and 'die iirst 
stationary guide roller 231 in Fig. 4 as seen along the Z- 

50 axis direction, whereas Fig. 7 is a view similarly showing 
the pair of guide rollers 21 0 for suppressing the respon- 
sive motion of optical fiber and the swing guide roller 
220 as seen along the Z-axis direction. 
[0031] If the swing guide roller 220 tilts by an angle of 

55 +e about an axis parallel to the tower axis as shown in 
Fig. 6, then a force in a lateral direction (Y-axis direction) 
is exerted on the optical fiber 200 due to the tilting, 
whereby the optical fiber 200 rotates on the roiier sur- 
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. face of swing guide roller 200. Due to this rotation, the 
optical fiber 200 is provided with a twist. Subsequently, 
the swing guide roller 220 conversely tilts by an angle 
of -9. As the swing guide roller 220 repeats symmetrical 
reciprocating motions between angles of +0 and -0 in 5 
the directions indicated by arrow S in the drawing, the 
optical fiber 200 is alternately provided with clockwise 
and counterclockwise twists with respect to the advanc- 
ing direction. 

[0032] Here, since the first stationary guide roller 231 w 
is disposed at a position separated from the swing guide 
roller 220 in a directly sidewise direction (X-axis direc- 
tion) and has a roller outer diameter identical to that of 
the swing roller 220, the length by which the optical fiber 
200 comes into contact with the roller surface of swing 15 
guide roller 220 is substantially equal to the a roller pe- 
riphery corresponding to 1/4 of the circumference of 
swing guide roller 220. In practice, however, it exceeds 
an angle of 90° since the first stationary guide roller 231 
is formed with a V-shaped groove. Namely, the optical 20 
fiber 200 comes into contact with the swing guide roller 
220 from one of its half sides to the bottom portion there- 
of, and is released therefrom at the lowest part thereof. 
As a consequence, the optical fiber 200 rotates on the 
other half side of roller, so as to inhibit the optical fiber 25 
200 from rotating on one half side, whereby the optical 
fiber 200 is prevented from sliding. As the optical fiber 
200 thus rotates on one half side, the optical fiber 200 
is provided with a twist highly efficiently with respect to 
the swinging speed of the swing guide roller 220. 30 
[0033] The center part of roller surface of first station- 
ary guide roller 231 is formed with a V-shaped narrow 
groove 250 as a structure for suppressing the rotation 
of optical fiber 200. The optical fiber 200 guided by the 
first stationary guide roller 231 is inserted into the V- 35 
shaped narrow groove 250. Consequently, the twist 
once provided by the swing guide roller 220 is kept from 
being released. Since the V-shaped narrow groove 250 
thus prevents the optical fiber 200 from rotating on the 
roller surface of first stationary guide roller 231 , the op- 40 
tical fiber 200 is provided with a twist highly efficiently 
with respect to the swinging speed of the swing guide 
roller 220. 

[0034] If the swing guide roller 220 tilts by an angle of 
+e about an axis parallel to the tower axis as shown in 45 
Fig. 7, so that the optical fiber 200 rotates on the roller 
surface of swing guide roller 220, then the optical fiber 
200 on the drawing furnace side immediately in front of 
the swing guide roller 220 responsively moves in the 
swinging direction of swing guide roller 220 as the opti- 50 
cal fiber 200 rotates. If this responsive motion of optical 
fiber 200 exceeds a predetermined range, then it causes 
the rate of twist provided to the optica! fiber 200 to be- 
come too small, or the optical fiber 200 coated on the 
resin coating 190 to become uneven. Since a pair of 55 
guide rollers 210 are installed directly above the swing 
guide roller 220 (in the Z-axis direction), the optical fiber 
200 will come into contact with one of the pair of guide 



rollers 21 0 if its responsive motion is at a predetermined 
level or more, whereby further responsive motion of op- 
tical fiber 200 will be inhibited. Since the pair of guide 
rollers 21 0 suppress the responsive motion of optical fib- 
er 200 as such, the decrease in the rate of the twist pro- 
vided to the optical fiber 200 and the unevenness in the 
optical fiber 200 coated with the resin coating 190 are 
suppressed. 

[0035] Since the pair of guide rollers 2 1 0 for suppress- 
ing the responsive motion of optical fiber, the swing 
guide roller 220, and the first stationary guide roller 231 
are combined as in the foregoing, the swing guide roller 
220 alternately rotates the optical fiber 200 on its roller 
surface upon its swinging motion, so as to alternately 
provide the optical fiber 200 with clockwise and coun- 
terclockwise twists. At the same time, the pair of guide 
rollers 21 0 for suppressing the responsive motion of op- 
tical fiber and the first stationary guide roller 231 com- 
prising the structure for suppressing the rotation of op- 
tical fiber assist the optical fiber 200 to rotate smoothly 
on the roller surface of swing guide roller 220, whereby 
the optical fiber 200 is provided with a twist highly effi- 
ciently with respect to the swinging speed of swing guide 
roller 220. 

[0036] The optical fiber 200 is made by the above- 
mentioned making method, and comprises a core por- 
tion and a cladding portion covering the outer periphery 
of the core portion. Since the optical fiber 200 is alter- 
nately provided with clockwise and counterclockwise 
twists, polarization mode dispersion is suppressed in a 
long optical fiber as a whole even when the core and 
cladding portions do not have a concentric cross-sec- 
tional form of true circles in a manner equivalent to that 
in the case where they have a concentric form of true 
circles. 

[0037] Also, since the optical fiber 200 coated with the 
resin coating 190 is kept from becoming uneven, the 
stress distribution in the cross section of optical fiber 200 
is prevented from becoming asymmetrical, whereby 
strength can be improved when the optical fiber 200 is 
formed into a cable. 

[0038] Though the swinging motion of swing guide 
roller 220 mentioned above is a symmetrical reciprocat- 
ing motion between angles of -G and +9 as shown in Fig. 
6, it is not restricted thereby and may be an asymmetri- 
cal reciprocating motion between angles of 0 and +G, for 
example. In this case, the optical fiber 200 is intermit- 
tently provided with a twist. Also, the swinging motion of 
swing guide roller 220 may be a symmetrical reciprocat- 
ing motion swinging along the rotary axis of swing guide 
roller220. In this case, the optical fiber 200 is alternately 
provided with clockwise and counterclockwise twists. 
Though the first stationary guide roller 231 is provided 
with the V-shaped narrow groove 250 as a structure for 
suppressing the rotation of optical fiber, similar effects 
can be exhibited when a U-shaped narrow groove or a 
recessed narrow groove is provided instead. 
[0039] Further, in the making method according to the 
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* preserft invention, drawing conditions are changed such 
that positive and negative dispersion portions respec- 
tively having positive and negative chromatic disper- 
sions at a predetermined wavelength within a wave- 
length band in use alternately appear in the longitudinal 
direction of optical fiber 200. Namely, the drawing ten- 
sion or the diameter of the resulting bare optical fiber 
130 is changed along the longitudinal direction when 
drawing the optical fiber preform 100. The change in 
drawing tension or fiber diameter may be managed ei- 
ther by the drawn fiber length or by time. Also, the 
change in drawing tension or fiber diameter may be ef- 
fected either by changing the temperature in the molten 
part of optical fiber preform 100 within the drawing fur- 
nace 110 upon drawing or by changing the drawing 
speed upon drawing. In each case, the chromatic dis- 
persion of the optical fiber 200 at the predetermined 
wavelength can be changed along the longitudinal di- 
rection. 

[0040] The optical fiber 200 obtained by the making 
method explained in the foregoing corresponds to the 
optical fiber 10 according to the present invention ad- 
justed so as to change the twist along the longitudinal 
direction thereof and so as to change the polarity of 
chromatic dispersion along the longitudinal direction 
thereof. In the above-mentioned making method, the av- 
erage rate of twist is preferably 2 rotations/m or more, 
whereas the deviation of twist rate is preferably 1 rota- 
tion/m or more. Preferably, the transient region posi- 
tioned between the positive and negative dispersion 
portions of optical fiber 200 is not substantially provided 
with the twist. 

[0041] Examples of the optical fiber according to the 
present invention will now be explained. 
[0042] The optical fiber according to a first example is 
a dispersion-shifted optical fiber, drawn at a linear ve- 
locity of 100 m/min, having a zero-dispersion wave- 
length near a wavelength of 1 .55 iim. This dispersion- 
shifted optical fiber has a dual core type refractive index 
profile (An 1 = 1 .0%, An 2 = 0.15%, 2a/2b = 0.24) ; for ex- 
ample, as shown in Fig. 1 of Yoshiaki Terasawa et a!., 
"Design Optimization of Dispersion Shifted Fiber with 
Enlarged Mode Field Diameter for WDM Transmission," 
IOOC-95, FA2-2, Tenth International Conference on in- 
tegrated Optics and Optical Fiber Communication, 
TECHNICAL DIGEST, Vol. 4, June 30, 1995. Also, the 
optical fiber according to the first example is alternately 
provided with positive and negative dispersion portions 
by changing its fiber diameter (i.e., changing its core di- 
ameter) along the longitudinal direction, and is further 
provided with a twist. In the optical fiber according to the 
first example, the positive and negative dispersion por- 
tions have respective fiber diameters of 121 iim and 129 
jim, a segment length of 5 km each, and a transient re- 
gion positioned therebetween with a length of 10 m. 
While the optical fiber has an average twist rate of 3 ro- 
tations/m in the region where the fiber length is substan- 
tially constant in each of the positive and negative dis- 



persion portions, the transient region where the fiber di- 
ameter changes is provided with no twist. 
[0043] in the optical fiber according to the first exam- 
ple, at a wavelength of 1.55 jim, the chromatic disper- 

5 sion of positive dispersion portion is about 3 ps/nm/km, 
the chromatic dispersion of negative dispersion portion 
is about -3 ps/nm/km, and the average chromatic dis- 
persion over a length of 50 km is 0.1 ps/nm/km. The po- 
larization mode dispersion of this optical fiber is 0.07 

10 ps-km" 1/2 at a wavelength of 1 .55 urn Thus, the optical 
fiber according to the first example has an average chro- 
matic dispersion and a polarization mode dispersion 
which are sufficiently low. 

[0044] Fig. 8 is a graph showing the chromatic disper- 
*5 sion distribution of the optical fiber according to the first 
example in the longitudinal direction (near the transient 
region in particular). Here, curves G100 and G200 indi- 
cate the respective chromatic dispersions of the optical 
fibers according to the first example and a comparative 
20 example. Assuming the position where the chromatic 
dispersion becomes substantially 0 ps/nm/km to be zero 
point in the abscissa, Fig. 8 shows the chromatic disper- 
sion in the region centered at this position. In the optical 
fiber prepared as the comparative example, the tran- 
25 sient region A is also provided with a twist having an 
average rate of 3 rotations/m. 

[0045] As can be seen from Fig. 8, the longitudinal 
change of chromatic dispersion is more stable in the op- 
tical fiber according to the first example in which the tran- 
30 sient region A is provided with no twist as compared with 
the optical fiber according to the comparative example 
in which the transient region A is also provided with a 
twist. 

[0046] The optical fiber manufactured as a second ex- 

35 ample has the structure shown in Figs. 9A and 9B. 
Namely, Fig. 9A is a view showing the cross-sectional 
structure of the optical fiber according to the second em- 
bodiment, whereas Fig. 9B is a refractive index profile 
of the optical fiber according to the second example. 

40 [0047] As shown in Fig. 9A : the optical fiber 800 ac- 
cording to the first example comprises a core region 800 
extending along a predetermined axis, and a cladding 
region 820 with a refractive index n 4 covering the outer 
periphery of the core region 810. The core region 810 

45 comprises a first core 811 with a refractive index n-j (> 
n 4 ) extending along the predetermined axis, a second 
core 812 with a refractive index n 2 (< n.,) provided on 
the outer periphery of the first core 81 1 , and a third core 
813 with a refractive index n 3 (< n 1; n 2 ) provided on the 

50 outer periphery of the second core 812. The first core 
811 has an outer diameter 2a and a relative refractive 
index difference An 1 (= (n 1 - n 4 )/n 4 ) with reference to the 
cladding region 820. The second core 812 has an outer 
diameter 2b and a relative refractive index difference 

55 An 2 (= (n 2 - n 4 )/n 4 ) with reference to the cladding region 
820. The third core 81 3 has an outer diameter 2c and a 
relative refractive index difference An 3 (= (n 3 - n 4 ) /n 4 ) 
with reference to the cladding region 820. 
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. [0048] Specifically, the outer diameter 2a of the first 
core 811 is 8.1 um, whereas the first core 811 is doped 
with GeQ 2 to such an extent that the relative refractive 
index difference An 1 with respect to the cladding region 
820 becomes 0.63%. The outer diameter 2b of the sec- 
ond core 812 surrounding the first core 811 is 1 5.8 urn, 
whereas the second core 812 is doped with F element 
to such an extent that the relative refractive index differ- 
ence An 2 with respect to the cladding region 820 be- 
comes -0.25%. The outer diameter 2c of the third core 
813 surrounding the second core 81 2 is 22.6 u,m, where- 
as the third core 81 3 is substantially made of pure silica 
glass with its relative refractive index difference An 3 with 
respect to the cladding region 820 changing within the 
range from 0.13% to 0.22% depending on the drawing 
tension. The outer diameter of the cladding region 820 
surrounding the third core 813 is 125 um, whereas the 
cladding region 820 is doped with F element. 
[0049] The refractive index profile 850 shown in Fig. 
9B indicates the relative refractive index difference of 
each part on the line L in Fig. 9A, so that areas 851 , 852, 
853, and 854 represent refractive indices of the first core 
81 1 , second core 812, third core 813, and cladding re- 
gion 820 on the line L respectively. In this specification, 
the respective relative refractive index differences of the 
glass layers 811 to 813 with respect to the cladding re- 
gion 820 acting as a reference region are expressed in 
terms of percentage, whereas the refractive indices in 
each expression are in a fixed order. Therefore, the re- 
fractive index of a glass layer whose relative refractive 
index difference exhibits a negative value is meant to 
be lower than that of the cladding region 820. 
[0050] The optical fiber according to the second ex- 
ample comprising the foregoing structure is alternately 
provided with positive and negative dispersion portions 
by changing the drawing tension in the longitudinal di- 
rection upon drawing, and is further provided with a 
twist In the second example, the drawing tension at the 
time of drawing for yielding the positive dispersion por- 
tion was 882 mN (90 g), whereas the drawing tension 
at the time of drawing for yielding the negative disper- 
sion portion was 392 mN (40 g). Also, each of the pos- 
itive and negative dispersion portions has a length of 5 
km, whereas the transient region positioned between 
the positive and negative dispersion portions has a 
length of 50 m. Since the third core 81 3 is substantially 
made of pure silica glass in the optical fiber according 
to the second example, the drawing tension concen- 
trates on the third core 81 3 ; the stress corresponding to 
the drawing tension remains within the third core 813, 
and the refractive index of third core 813 decreases ac- 
cording to the residual stress. Namely, the chromatic 
dispersion characteristic in each part of the optical fiber 
changes according to the fluctuation in drawing tension. 
As a result, at a wavelength of 1 .55 ujti, the positive dis- 
persion portion drawn at a drawing tension of 882 mN 
in the optical fiber according to the second example has 
a chromatic dispersion of 4.2 to 4.6 ps/nm/km and a dis- 



persion slope of 0.006 to 0.009 ps/nm 2 /km. On the other 
hand, the negative dispersion portion drawn at a draw- 
ing tension of 392 mN in the optical fiber according to 
the second example has a chromatic dispersion of -3.5 
to -2.3 ps/nm/km and a dispersion slope of -0.045 to 
-0.042 ps/nm 2 /km. 

[0051 ] The positive and negative dispersion portions, 
i.e., the regions where the drawing tension is substan- 
tially constant, are provided with a twist in the second 
example as well. When the drawing tension at the time 
of manufacture rises in the second example, the press- 
ing force of the optical fiber 200 (corresponding to the 
optical fiber according to the second example) with re- 
spect to the swing guide roller 220 increases, so that the 
idling of optical fiber 200 is reduced, whereby the twist 
applied to the optical fiber 200 enhances its pitch even 
when the operating condition for the swing guide roller 
220 is constant (see Figs. 4, 6, and 7). Since the oper- 
ating condition of swing guide roller 220 is made con- 
stant in each of the positive and negative dispersion por- 
tions, the average rate of twist is 3 rotations/m in the 
positive dispersion portion drawn at a drawing tension 
of 392 mN, whereas it is 5 rotations/m in the negative 
dispersion portion drawn at a drawing tension of 882 
mN. The operation of swing guide roller 220 is stopped 
in the transient region obtained when the drawing ten- 
sion changes, whereby this region is provided with no 
twist. 

[0052] At a wavelength of 1 .55 ujti, the optical fiber 
according to the second example has an average chro- 
matic dispersion of 0.8 ps/nm/km over a length of 50 km, 
and an average dispersion slope of -0.015 ps/nm 2 /km 
over a length of 50 km. Also, the optical fiber according 
to the second example has a polarization mode disper- 
sion of 0.04 ps.km" 1/2 at a wavelength of 1 .55 urn. Thus, 
the optical fiber according to the second example has 
an average chromatic dispersion, an average disper- 
sion slope, and a polarization mode dispersion which 
are sufficiently low. Also, it has been verified that the 
average coupling length is sufficiently small, i.e., 5 m. 
[0053] Fig. 10 is a graph showing the distribution of 
twist rate along the longitudinal direction of the optical 
fiber according to the second example. Here, curves 
G300 and G400 represent the respective twist rates pro- 
vided to the optical fiber according to the second exam- 
ple and the optical fiber prepared as a comparative ex- 
ample. The optical fiber according to the comparative 
example was made by using an optical fiber preform 
having a structure similar to that of the optical fiber pre- 
form used when making the optical fiber according to 
the second example, and drawing it with a constant 
drawing tension of 882 mN (90 g). The optical fiber ac- 
cording to this comparative example has a substantially 
constant twist rate along the longitudinal direction with 
an average value of 5 rotations/m. At a wavelength of 
1 .55 urn, the optical fiber according to the comparative 
example has a chromatic dispersion of 4.4 ps/nm/km : a 
dispersion slope of 0.007 ps/nm 2 /km, and a polarization 
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• mode dispersion of 0.08 ps-knr 172 . The average cou- 
pling length is 20 m. 

[0054] Since the twist rate changes along the longitu- 
dinal direction in the optical fiber according to the sec- 
ond example, the coupling between polarization modes 
of propagating light is induced more randomly, the po- 
larization mode dispersion becomes lower, and the av- 
erage coupling length becomes shorter as compared 
with the optical fiber of the comparative example in 
which the twist rate is substantially uniform along the 
longitudinal direction. 

[0055] An optical transmission system according to 
the present invention will now be explained. Fig. 11 is a 
view showing the schematic configuration of the optical 
transmission system 1 according to the present inven- 
tion. In this optical transmission system 1 , the optical 
fiber 10 according to the present invention comprising 
the characteristic structure mentioned above and anoth- 
er optical fiber 20 are fusion-spliced together as an op- 
tical transmission line. This optical transmission line 
connects a transmitting station (or repeater station) 30 
and a receiving station (or repeater station) 40 to each 
other. The space between the stations 30, 40 constitutes 
a single repeated section. 

[0056] in the optical transmission system 1 , the opti- 
cal fiber 10 according to the present invention may be 
employed either in the whole repeated section between 
the stations 30, 40 or in a part of the repeated section 
as shown in Fig. 11 . In the latter case, the optical fiber 
is preferably laid on the upstream side of the repeated 
section. This configuration effectively restrains trans- 
mission characteristics from deteriorating on the up- 
stream side of the repeated section in which the signal 
power is relatively high so that nonlinear optical phe- 
nomena are likely to occur. Also, since a standard sin- 
gle-mode optical fiber is employed as the optical fiber 
20 positioned on the downstream side of the repeated 
section, the optical transmission system 1 can be con- 
structed inexpensively. When the optical fiber 10 ac- 
cording to the present invention has a longitudinally uni- 
form fiber diameter or the change in fiber diameter of 
the optical fiber 1 0 is small in the longitudinal direction, 
its coupling with another optical fiber 20 becomes eas- 
ier, whereby the coupling loss can be kept lower. 
[0057] Since the optical fiber 1 0 having a locally large 
absolute value of chromatic dispersion at a predeter- 
mined wavelength within a wavelength band in use with 
a small absolute value of average chromatic dispersion 
and a low polarization mode dispersion is employed as 
at least a part of the optical transmission line, the optical 
transmission system 1 lowers the waveform deteriora- 
tion caused by any of the nonlinear optical phenomena, 
cumulative chromatic dispersion , and polarization mode 
dispersion, exhibits an excellent transmission quality, 
and enables higher-speed, larger-capacity WDM trans- 
mission. 



Industrial Applicability 

[0058] In the present invention, as in the foregoing, 
positive and negative dispersion portions are alternately 

5 provided along the longitudinal direction so as to effect 
dispersion management, whereby the waveform deteri- 
oration caused by any of nonlinear optical phenomena 
and cumulative chromatic dispersion is lowered. Since 
it further comprises a polarization coupling structure tor 

10 inducing coupling between polarization modes of prop- 
agating light, the waveform deterioration caused by po- 
larization mode dispersion is also lowered. Therefore, 
the optical fiber according to the present invention is ex- 
cellent in transmission quality, and thus is suitable for 

'5 an optical transmission line enabling higher-speed, larg- 
er-capacity WDM transmission. 



Claims 

20 

1. An optical fiber in which at least one first oortion 
having a positive chromatic dispersion at a prede- 
termined wavelength within a wavelength band in 
use and at least one second portion having a neg- 

25 ative chromatic dispersion at said predetermined 
wavelength are alternately arranged along a longi- 
tudinal direction thereof; 

said optical fiber further comprising a polari- 
zation coupling structure for inducing coupling be- 

30 tween polarization modes of propagating light. 

2. An optical fiber according to claim 1 , wherein said 
optical fiber has a polarization mode dispersion of 
0.1 ps-km- 1/2 or less at said predetermined wave- 

35 length. 

3. An optical fiber according to claim 1 , wherein said 
optical fiber has an average coupling length of 10 
m or less, said average coupling length being de- 

40 fined by the length from an end part of said optical 
fiber to a boundary at which a region where the po- 
larization mode dispersion value is in proportion to 
the fiber length shifts to a region where the polari- 
zation mode dispersion value is in proportion to the 

45 square root of fiber length. 

4. An optical fiber according to claim 1 , wherein said 
polarization coupling structure includes a twist ap- 
plied to said optical fiber. 

50 

5. An optical fiber according to claim 4, wherein said 
twist has an average rate of 2 rotations/m or more. 

6. An optical fiber according to claim 4, wherein said 
55 twist has a twist rate deviation of 1 rotation/m or 

more. 

7. An optical fiber according to claim 4, wherein a iran- 
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sient region positioned between each said first por- 
tion and each said second portion is substantially 
kept from being provided with said twist. 

8. A method of making an optical fiber, said method 5 
comprising the steps of preparing an optical fiber 
preform and drawing a part of thus prepared optical 
fiber preform while heating a part thereof; 

wherein a drawing condition is changed at the 
time of drawing such that at least one first portion 10 
having a positive chromatic dispersion at a prede- 
termined wavelength within a wavelength band in 
use and at least one second portion having a neg- 
ative dispersion at said predetermined wavelength 
are alternately formed along a longitudinal direc- 15 
tion, and a predetermined part of said optical fiber 
obtained by said drawing is provided with a twist. 

9. A method of making an optical fiber according to 
claim 8, wherein said twist provided to said optical 20 
fiber obtained by said drawing has an average twist 
rate of 2 rotations/m or more. 

10. A method of making an optical fiber according to 
claim 8, wherein said twist provided to said optical 25 
fiber obtained by said drawing has a twist rate de- 
viation of 1 rotation/m or more. 

11. A method of making an optical fiber according to 
claim 8, wherein a transient region positioned be- 30 
tween each said first portion and each said second 
portion is substantially kept from being provided 
with said twist. 

12. A optical transmission system including the optical 35 
fiber of claim 1 as at least a part of an optical trans- 
mission line in a repeated section. 
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